Hydrolysis of triacylglycerol (TAG) stored in the lipid droplet (LD) compartment provides a convenient source of cellular fuel for energy production during conditions such as fasting. However, lipolysis can contribute to the buildup of toxic lipid intermediates and/or oxidized lipids in pathological conditions when cellular lipid homeostasis is altered, e.g. with obesity (1) . Therefore, TAG hydrolysis must be carefully controlled to meet tissue-specific requirements for energy or lipid substrates in both adipose and nonadipose tissues. A better understanding of the mechanisms by which cells control lipid mobilization is needed to design novel approaches for intervention and prevention of the pathophysiological consequences of obesity.
During the past ten years, key players in the lipolytic pathway of adipocytes were identified through the study of transgenic mouse models (2) (3) (4) (5) (6) (7) (8) . Phenotypic analysis of hormone-sensitive lipase (HSL) null mice suggested the existence of another lipase (7) , leading to the identification of adipose triglyceride lipase (ATGL) (6, 9, 10) . Characterization of ATGL null mice helped to establish the respective roles of these two lipases in the lipolytic cascade (7) . Complete lipolysis requires three enzyme reactions to break down TAG into fatty acids and glycerol. First, ATGL hydrolyzes TAG to produce fatty acid and diacylglycerol (DAG); hormone-sensitive lipase (HSL) then acts as a diacylglycerol lipase, and the final step is catalyzed by monoacylglycerol lipase. Studies using RNAi technology in cultured cells have confirmed the role of ATGL in initiating lipolysis (11) (12) (13) (14) and generated interest in understanding the regulation of ATGL activity.
TAG hydrolysis requires lipase binding and activation at the LD water/oil interface. As previously demonstrated for HSL, ATGL may require interaction with proteins at the surfaces of LDs for optimal catalytic activity. Hence, we hypothesize that both the quality and quantity of proteins at the LD surface regulate ATGL activity.
Among the growing number of LD-associated proteins, members of the perilipin family are likely candidates to regulate ATGL activity. The five members of this family are signature constituents of the LD proteome. The importance of perilipin 1 in the regulation of adipose tissue lipolysis has been well established. Moreover, recent evidence from cell culture models suggests that perilipins 2 and 5 play roles in control of lipolysis in nonadipose tissues (15) (16) (17) . Perilipin 5 is expressed in oxidative tissues where its expression is regulated by fasting and PPARα (17) (18) (19) . Our previous work and that of others have shown that perilipin 5 plays an important role in regulating LD accumulation (17) (18) (19) ).
An emerging model suggests that lipolysis is controlled by complex interactions between perilipins, lipases, and additional proteins that modify lipase activity. Members of the perilipin family share scaffolding properties to coordinate lipolysis. Perilipins 1, 2 and 5 interact with CGI-58, a cofactor for ATGL (20) (21) (22) (23) (24) . Moreover, HSL interacts with four members of the perilipin family (25) . Most recently, a new protein, G0/G1 switch protein 2, was shown to interact with and negatively regulate ATGL (26) . These protein/protein interactions are critical for the regulation of TAG hydrolysis.
The major objective of this study was to investigate the role of three members of the perilipin family, perilipin 1, perilipin 2 and perilipin 5, in the regulation of ATGL activity at the LD surface, through either modulation of ATGL accessibility to substrate, or via direct protein/protein interactions, which may be critical for docking the lipase on LDs. A second objective was to determine whether each of the three perilipins regulates ATGL activity through a common mechanism. In rodent tissues, ATGL is ubiquitously expressed, whereas members of the perilipin family show different patterns of tissuespecific expression (27) . Perilipin 1 is expressed most highly in adipose tissue; perilipin 2 is ubiquitous, but most highly expressed in liver; and perilipin 5 is expressed primarily in heart, brown adipose tissue and skeletal muscle. Heterogeneity in LD perilipin 1, 2 and 5 composition potentially regulates ATGL activity in a tissue-specific manner. Hence, our present studies specifically focused on the ability of these three perilipin proteins to regulate ATGL activity
In this manuscript, we have used a cell culture system and multiple experimental approaches to reconstitute and investigate the role of perilipin proteins in the regulation of ATGL activity. Our studies provide evidence that ATGL activity is differently regulated by individual proteins of the perilipin family and therefore, can be controlled in a tissue-specific manner.
Experimental procedures
Antibodies-Rabbit anti-GFP antibody was from Clontech (Mountain View, CA); mouse anti-GFP antibody was from Covance (Princeton, NJ). Antibodies raised in rabbits against perilipin 1, perilipin 2, perilipin 5, and CGI-58 were previously characterized (16, 17, 25, 28, 29) . Guinea pig anti-perilipin 5 antibody was from Progen (Heidelberg, Germany). Rabbit anti-ATGL antibody was from Cell Signaling Technology (Danvers, MA). Horseradish peroxidaseconjugates of goat anti-rabbit IgG, donkey antimouse IgG, and goat anti-guinea pig IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit serum was from Rockland Immunochemicals (Gilbertsville, PA).
Cell culture-CHO-K1 and CHO Flp-In cells were obtained from ATCC (Mannasas, VA) and Invitrogen (Carlsbad, CA), respectively. Both types of cells were grown in Ham's F-12 medium supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37°C with 5% CO 2 and 95% humidity. Human skin fibroblasts were from an individual with Chanarin Dorfman syndrome (CDS), lacking functional CGI-58 (30); these cells were cultured as described previously (30) . Mouse 3T3-L1 cells were obtained from Dr. M. D. Lane (John Hopkins University, Baltimore) and were grown and differentiated as previously described (31) .
The constructs for perilipin 1-YFP, perilipin 5-YFP, and perilipin 2-YFP were introduced into the CHO Flp-In cells according to the manufacturer's instructions and were previously described (25) . Stably transfected CHO Flp-In cells were selected 24 h after transfection by adding hygromycin (500 µg/ml) to the growth medium. Wild-type CHO Flp-In cells were grown in the presence of zeocin (100 µg/ml).
For immunofluorescence studies, CHO-K1 and CHO Flp-In cells were seeded in 35-mm dishes with glass bottoms (MatTek Corporation, Ashland, MA) at a density of 2 x 10 5 cells per dish. The following day, cells were transfected with 1 μg of DNA plasmid containing cDNA coding for the fusion protein of interest per well (cotransfections received 0.5 μg of each DNA plasmid per well) using Lipofectamine plus reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The same day, cells were incubated overnight in growth medium supplemented with 400 μM oleic acid complexed to bovine serum albumin as described previously (25) . For immunoprecipitation studies, cells were plated at 2 x 10 5 cells per well in 6-well plates (Corning, Corning, NY).
For lipolysis experiments, cells were plated at 0.5 x 10 5 cells per well in 24-well plates (Corning, Corning, NY).
Molecular cloning-To generate CFP or YFP fusion vectors, cDNAs of interest, ATGL, CGI-58, perilipin1, 2, 3 and 5 were cloned in frame with monomeric CFP or YFP using pECFP-C1 or pEYFP-C1 plasmids. Names and sequences of oligonucleotide primers used for subcloning and all fluorescent fusion protein constructs are presented in the supplementary material (Supplementary Table 1) . A serine to alanine mutation at position 47 was made in the mouse ATGL cDNA using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), as published (32) . All constructs were verified by sequencing analysis.
Tissue pieces incubation and lipolysis-Brown adipose tissues (BAT) and epidydimal white adipose tissues were collected from 10 4-week old C57BL/6 male mice that had been fasted overnight. Tissues were minced finely into 6-10 mg pieces, and a total of 100 mg of each minced tissue was incubated in each well of 6-well dishes for 2 hours at 37 0 C with 5% CO 2 . Incubation media were Krebs Ringer carbonate buffer at pH 7.4, supplemented with 4% fatty acid-free BSA, adenosine deaminase (1 unit /ml) and N6-phenylisopropyladenosine (100 nM) for basal conditions, or supplemented with 10 μM isoproterenol for stimulated conditions. Incubation media were collected and assayed for glycerol content, and fat cakes containing lipid droplets were isolated as previously described (33) .
Confocal imaging-Confocal imaging of live cells was performed at 37°C and 5% CO 2 using a Zeiss LSM510 microscope equipped with an S-M incubator (Carl Zeiss MicroImaging, Inc.), and controlled by a CTI temperature regulator along with humidification and an objective heater. Emitted light was passed through bandpass filters for collection of CFP (470-510 nm) and YFP (530-550 nm).
Co-immunoprecipitations and immunoblot analysis-Antibodies
used for immunoprecipitations were purified with the Melon gel IgG spin purification kit (Pierce, Rockford, IL). Rabbit serum was used as the negative control. Protein/protein interactions were investigated using extracts from cells cotransfected with the appropriate pair of protein fusion constructs (25) . Briefly, cells were lysed by extrusion through a syringe in a buffer containing 150 mM NaCl, 1% Triton X-100, 60 mM n-Octyl glucoside (Sigma-Aldrich, St Louis, MO), 10 mM Tris, pH 8.0, supplemented with protease inhibitors, and incubated for 15 min on ice (25) . Cell lysates were pre-cleared with 30 µl of immobilized protein A/G agarose (Pierce, Rockford, IL) for 15 min on a rotator at room temperature, and then centrifuged at 14,000 x g at 4°C for 30 min. 250 μl of the pre-cleared supernatant was incubated with the precipitating antibodies, at room temperature for 2 h on a rotator. 50 µl of immobilized protein A/G agarose was then added and suspensions were incubated at room temperature for 2 h on a rotator. Protein complexes were precipitated by centrifugation at 2300 x g at 4°C for 5 min, washed three times with cold PBS, and finally mixed with 60 μl Laemmli sample buffer (Bio-Rad, Hercules, CA) containing β-mercaptoethanol. 20 μl of the pre-cleared supernatant and 30 μl of the immunoprecipitated proteins were separated on 4-12% polyacrylamide NuPage gels (Invitrogen, Carlsbad, CA), transferred to nitrocellulose membranes, and probed with the specific antibodies indicated, followed by a corresponding horseradish peroxidase-conjugated secondary antibody. The immunoblot signals were detected with Supersignal chemiluminescence reagents (Pierce, Rockford, IL). In some experiments, AML12 cells transduced with perilipin 5-YFP adenovirus or differentiated 3T3-L1 adipocytes were incubated with 100 μCi/ml of [ 32 P]orthophosphate (Perkin Elmer, Waltham, MA) for 2 hours prior to exposure to forskolin (20 μM) and IBMX (0.5 mM) for 30 min. The incubations were performed at 37°C under an atmosphere of 5% CO 2 .
Adenovirus-To generate adenovirus to drive the expression of perilipin 5 and ATGL, the perilipin 5-YFP cDNA fragment was excised from perilipin 5-YFP (see Supplemental Table 1 ) (25) with AgeI (blunted) and KpnI, and the ATGL-CFP cDNA fragment was excised from ATGL-CFP (see Supplemental Table 1 ) with NheI and HindIII. Subsequently, perilipin 5-YFP cDNA and ATGL-CFP cDNA were subcloned into a modified pAdTrack-CMV shuttle vector (34) lacking the GFP cassette. The PmeI-digested vector was used for transformation into AdEasy BJ5183 cells. Correct recombination of the resulting viral vector was confirmed by restriction enzyme digestions. Finally, the PacI-digested viral DNA was transfected into human embryonic kidney 293 cells for virus production and amplification (34) .
Cellular Lipolysis-Assessment of the effects of ectopic proteins on lipolysis was performed (25) . Briefly, CHO-FlpIn cells constitutively expressing perilipin 1-YFP or perilipin 5-YFP or perilipin 2-YFP (25) were seeded into a 24-well plate at a density of 0.5 x 10 5 cells per well, and then infected with adenovirus driving the expression of ATGL-CFP or GFP. After 48 hours, cells were incubated overnight with growth medium supplemented with 400 µM oleic acid complexed to 0.4% bovine serum albumin to promote triacylglycerol deposition. [ 3 H]Oleic acid (2× 10 6 dpm/well) was included as a tracer. Supplemental fatty acids were then removed and re-esterification of fatty acids during subsequent incubations was prevented by inclusion of 5 µM Triacsin C (Biomol, Plymouth Meeting, PA), an inhibitor of acyl co-enzyme A synthetase, in the medium (16, 25, 29) . To stimulate PKA, cAMP levels in cells were elevated by the addition of 20 µM forskolin. Lipolysis was determined by measuring radioactivity released into media (16, 25, 29) . Similar experiments were performed using mouse AML12 cells (25) . Quadruplicate wells were tested for each condition. Efficiency of transduction with Ad-ATGL-CFP was checked by immunoblotting.
Statistical analysis-Statistical significance was tested using either one-way ANOVA or a twotailed student's t-test (GraphPad Software, Inc).
Results

Localization of ATGL to LDs is affected by the perilipin protein composition of the LD -
To explore protein/protein interactions between perilipin proteins and ATGL, we used CHO cell lines stably expressing fluorescent fusion proteins of perilipin 1, perilipin 2 and perilipin 5, and further co-transfected with an expression vector for a mATGL-CFP fusion protein. We opted to use catalytically inactive ATGL, mATGL (S47A) (32) , to examine its interaction with perilipin proteins while eliminating the confounding factor of TAG hydrolysis. mATGL(S47A)-CFP was observed mostly in the cytoplasm when LDs were coated with perilipin 1-YFP, and cells were incubated under basal conditions (Figure 1) . Similarly, cells with perilipin 2-YFP coated LDs showed mostly diffuse mATGL(S47A)-CFP signal throughout the cytoplasm with minimal localization of mATGL to LD surfaces. Although mATGL did not extensively localize to perilipin 1-YFP or perilipin 2-YFP coated LDs, expression of wild type ATGL-CFP resulted in a dramatic decrease in the number of LDs per cell, particularly in cells expressing perilipin 2-YFP ( Figure 2 ). These observations suggest that ATGL cycles rapidly on and off of LDs to catalyze lipolysis when LDs are coated with either perilipin 1 or perilipin 2. In contrast, mATGL(S47A)-CFP fluorescence was observed as thin rings on LD surfaces in cells expressing perilipin 5-YFP ( Figure 1 ). Similar data were obtained when wild type ATGL-CFP was expressed in perilipin 5-YFP expressing cells ( Figure 2) ; moreover, there was no apparent decrease in either the size or number of LDs. Among the three perilipins studied, only perilipin 5 promoted LD localization for ATGL, indicative of a possible direct interaction between these two proteins. Because recent published work suggests a complex interplay between perilipin 5 and CGI-58 (24) , and also the possibility that CGI-58 interacts with ATGL (13), we next investigated all possible protein/protein interactions between perilipin 5, ATGL, and CGI-58.
Localization of CGI-58 in cells expressing perilipins 1, 2, or 5 and determination of protein/protein interactions between CGI-58 and ATGL-
We observed that CGI-58-CFP is more efficiently recruited to LDs coated with perilipin 1-YFP or perilipin 5-YFP than those coated with perilipin 2-YFP (data not shown), confirming previous reports (21, 24) . We then asked if CGI-58 and mATGL directly interact in live cells ( Figure  3 ). CHO-K1 cells expressing mATGL(S47A)-CFP alone or co-expressing mATGL(S47A)-CFP and CGI-58-YFP were incubated overnight with 400 μM oleic acid to increase LD formation and levels of endogenous perilipin 2 on LDs (35) . Coexpression of CGI-58-YFP with mATGL(S47A)-CFP increased recruitment of mATGL to LDs, when compared to results obtained in cells expressing only mATGL(S47A)-CFP ( Figure 3A ). These observations suggest that CGI-58 recruits ATGL to the surfaces of LDs via a protein/protein interaction. Similar data were obtained in CHO-K1 cells overexpressing perilipin 1 (data not shown). We used AFRET measurements to evaluate CGI-58 interactions with mATGL in situ ( Figure 3B ), following the same strategy that we have previously reported (25) . Since AFRET occurs when fluorescent probes are no more than 8-10 nm apart, it detects proteins in close proximity that likely interact.
For negative controls, perilipin 5-CFP and perilipin 1-YFP were expressed together in cells, and failed to show interactions by AFRET, as expected. For positive controls, we expressed CGI-58-CFP and perilipin 1-YFP, and observed strong interactions by AFRET, as previously reported (25) . Evidence for protein/protein interactions, as demonstrated by differences in anisotropy, was statistically significant for CGI-58/mATGL only at the LD surface, and not in the cytoplasm ( Figure 3B ). This interaction was confirmed by coimmunoprecipitation (co-IP), and moreover, was demonstrated for both basal and PKA-activated conditions ( Figure 3C ). Because of complexity in the interactions between perilipin 5, CGI-58 and ATGL, we next investigated if ATGL localizes to the LD surface by intermediary interaction with CGI-58 or by direct interaction with perilipin 5.
CGI-58 is not needed for ATGL recruitment to
the LD surface when perilipin 5 is present -To rule out the possibility that ATGL is recruited to perilipin 5 coated LDs by intermediary binding activity of CGI-58, we studied protein localization in human skin fibroblasts from a patient with Chanarin-Dorfman syndrome (CDS), which lack functional CGI-58 (30) ( Figure  4 ). mATGL(S47A)-CFP was recruited to perilipin 5-YFP coated LDs, indicating that CGI-58 is not required for the localization of ATGL to LDs. These experiments led to exploration of the possibility of a direct interaction between ATGL and perilipin 5. Figure 5A) ; no interaction was detected between these proteins in the cytoplasm. Comparable data were obtained from AFRET measurements using perilipin 5-YFP and wildtype ATGL-CFP constructs (data not shown). We confirmed these AFRET results by co-IP; co-IP of perilipin 5 with mATGL correlated well with the detection of protein/protein interactions by AFRET (Figure 5B a) . Other pairs of proteins comprised of mATGL(S47A) paired with each of perilipin 1-YFP, perilipin 2-YFP, and perilipin 3-YFP were investigated; mATGL-CFP did not co-IP with any of these other perilipins (Supplement Figure 5B b-d) . Therefore, ATGL interacts with perilipin 5, but not perilipins 1, 2, or 3. Interestingly, we did not find an interaction between perilipin 5 and GOS2, a protein recently found to interact with and inhibit ATGL (data not shown)
Identification of the ATGL binding site on perilipin 5 -To identify the sequence of perilipin 5 which binds ATGL, mATGL(S47A)-CFP was coexpressed with either one of two carboxyl terminally truncated fluorescent perilipin 5 fusion proteins, including AA 1-391 or AA 1-188. As shown in Figure 6 , although wild-type and both forms of carboxyl terminally truncated perilipin 5 targeted to LDs, mATGL(S47A)-CFP failed to localize to LDs coated with the shorter truncation mutation (AA 1-188). Therefore, in this cell model, ATGL requires perilipin 5 for lipid droplet localization and binds to a sequence between amino acids 188 and 391. A truncated protein containing amino acids 188 to 391 failed to target to LDs, indicating that essential LD targeting motifs are contained within the first 188 amino acids of perilipin 5; thus, we were unable to test this truncated protein for ATGL binding (data not shown).
Effect of perilipin 5 on lipolysis -
To evaluate the role of perilipin 5 in regulating lipolysis, we used AML12 mouse liver cells, which express endogenous ATGL but not perilipin 5 (16) . These cells were transduced with adenovirus driving expression of either GFP or perilipin 5; lipolysis was studied under both basal and PKA-activated conditions. Cells were incubated overnight with radiolabeled oleic acid, and then incubated in medium lacking supplemental fatty acids, with or without forskolin, to activate adenylyl cyclase, for 2 hours. Cells expressing perilipin 5 released lower amounts of fatty acids in basal conditions than control cells expressing GFP (Figure 7) . After activation of PKA, lipolysis in perilipin 5 expressing cells increased by 2-fold over basal release of fatty acids; however, the total amount of fatty acids released from cells expressing perilipin 5 remained significantly lower than that of control cells expressing GFP. These data show that lipolysis in this model system is increased by activation of PKA.
Perilipin 5 is phosphorylated by PKA -
Since ATGL is not a substrate for PKA (7), we hypothesized that either perilipin 5 or CGI-58 is phosphorylated by PKA. Indeed, it was recently demonstrated that release of CGI-58 from perilipin 1 is regulated by PKA (12, 21) , and that perilipin 5 recruits CGI-58 to LD ((24). To assess whether either perilipin 5 or CGI-58 is phosphorylated by PKA, AML12 cells transduced with adenovirus for perilipin 5-YFP and differentiated 3T3-L1 adipocytes expressing endogenous CGI-58 were each incubated with an anti-CGI-58 antibody immunoprecipitated a protein with an apparent molecular weight slightly greater than 37 kDa, consistent with the molecular weight of CGI-58. However, we failed to detect 32 P in the same region on the autoradiogram (data not shown). These data indicate that perilipin 5 is a constitutively phosphorylated protein and a downstream target of PKA.
Perilipin 1 and perilipin 5 modulate lipolysis catalyzed by ATGL-
To evaluate the role of perilipins in regulating the activity of ATGL, studies were performed in CHO cell lines stably expressing fluorescent fusion proteins of perilipin 1, perilipin 2, and perilipin 5 under basal and PKA-activated conditions.
The cells were transduced with either an adenovirus driving the expression of ATGL-CFP or a control adenovirus driving expression of β-galactosidase (Figure 8 ) (25); the control cells express endogenous lipases, including very low levels of ATGL (36,37) The cells were incubated overnight with radiolabeled oleic acid, and then incubated in medium lacking supplemental fatty acids, with or without forskolin, for 2 hours. CHO cells expressing β-galactosidase and endogenous lipases exhibited differences in basal and stimulated lipolysis corresponding to the type of perilipin protein coating the LDs, and confirmed our earlier report (25) . Among the three perilipins studied, perilipin 5 was as effective as perilipin 1 in inhibiting lipolysis under basal conditions, while perilipin 2 was the least effective; moreover, only perilipin 1 cells increased lipolysis in response to the activation of PKA. Over-expression of ATGL significantly increased basal lipolysis in cells expressing perilipin 2 or perilipin 1, but not perilipin 5. Following activation of PKA, lipolysis in perilipin 1 cells increased by more than 7-fold. Although the amount of fatty acids released from perilipin 5 cells remained significantly lower than levels of fatty acids released from either perilipin 1 or perilipin 2 cells, activation of PKA lead to approximately 3-fold increased lipolysis in perilipin 5 cells. In contrast, activation of PKA had no effect on lipolysis in perilipin 2 cells, whether or not ATGL was over-expressed. It is also important to note that increased lipolysis was observed in cells over-expressing ATGL without parallel over-expression of CGI-58, suggesting that endogenous CGI-58 was sufficient to serve as a co-activator of ATGL.
Lipolysis was also assessed in pieces of brown adipose tissue (BAT) from overnight fasted mice. BAT contains adipocytes with multilocular lipid droplets, which are coated with both perilipin 1 and perilipin 5. A two-fold increase in glycerol release was observed in BAT tissue samples upon activation of PKA relative to basal glycerol release ( Figure 9 ). In contrast, white adipose tissue samples (WAT) containing adipocytes with unilocular LDs and expressing mostly perilipin 1 showed an 11-fold increase in glycerol release following activation of PKA relative to basal glycerol release. Importantly, ATGL content of the LD fraction from BAT was unchanged following PKA activation ( Figure 9 ). In contrast, ATGL was actively recruited to the LD fraction from WAT in parallel with activation of lipolysis. These data suggest that both ATGL recruitment to lipid droplets and lipolysis are significantly affected by the perilipin 5 content of lipid droplets in BAT. Interestingly we did not observe changes in CGI-58 content in the LD fraction of either BAT or WAT following PKA activation ( Figure  9 )
Discussion
A major finding of this study is that perilipins at the surfaces of LDs regulate ATGL binding and TAG hydrolase activity by different mechanisms. Since ATGL is ubiquitously expressed, these findings suggest that tissue-specific regulation of lipolysis is a function of the differing perilipin composition of LDs in various tissues.
Uniquely, perilipin 5 is the only perilipin to directly bind ATGL; the ATGL binding site was identified between amino acids 188 and 391 of the perilipin 5 sequence. Shortly after we submitted our manuscript, another research group identified a comparable sequence of perilipin 5 as a binding site for ATGL (38) . Perilipin 5 is most highly expressed in oxidative tissues, such as smooth and skeletal muscle, BAT, and to a lesser extent, liver, and therefore, is likely a primary regulator of lipolysis in these tissues, as we have demonstrated for BAT. Our data show that although perilipin 5 recruits ATGL to LDs, it reduces the TAG hydrolase activity of ATGL unless PKA is activated. Our data also show that perilipin 5 is a substrate for PKA, suggesting that phosphorylation of perilipin 5 enables lipolysis. Elucidation of the mechanism by which lipolysis is increased requires further study. We, and others, have shown that perilipin 5 binds both ATGL and CGI-58, a co-activator of ATGL; however, a recent parallel study (38) suggests that a single molecule of perilipin 5 cannot simultaneously bind both ATGL and CGI-58. Thus, it is possible that phosphorylation of perilipin 5 promotes release of CGI-58 from the perilipin scaffold, and is required to facilitate the interaction of CGI-58 with ATGL and subsequent activation of lipolysis. This proposed mechanism is similar to that elucidated for perilipin 1; perilipin 1 binds CGI-58 under basal conditions, but activation of PKA and the ensuing phosphorylation of perilipin 1 releases CGI-58 (12, 21, 22) to promote the interaction of CGI-58 with ATGL. Alternatively, phosphorylation of perilipin 5 may be required to optimally position ATGL and CGI-58 bound to neighboring molecules of perilipin 5 for activation of lipolysis.
Neither perilipin 1 nor perilipin 2 interacts directly with ATGL; moreover, over-expression of perilipin 1 or perilipin 2 in cells reduces the localization of ATGL to LDs. Although expression of perilipin 1 is limited to adipocytes in WAT and BAT, and steroidogenic cells, perilipin 2 is ubiquitously expressed. Our data provide confirmation of a previous report that overexpression of perilipin 2 reduces LD association of ATGL and lipolysis, as demonstrated in human embryonic kidney cells (15) . In another study, binding of endogenous ATGL to perilipin 1-coated LDs increased concomitantly with major increases in lipolysis when PKA was activated in cultured human adipocytes (14) . We have confirmed the observation that activation of PKA increases ATGL recruitment to LDs in adipocytes of murine WAT, and showed that activation of PKA does not promote a binding interaction of ATGL with phosphorylated perilipin 1. We hypothesize that perilipin 1, perilipin 2, and ATGL compete for binding sites on the surfaces of LDs. Thus, hydrolysis of TAG stored in perilipin 1-or perilipin 2-coated LDs is controlled by a balance of three parameters: the amount of ATGL present, the amount of CGI-58 available to co-activate ATGL, and the relative coverage of the surfaces of LDs by perilipin 1 or 2. Moreover, in adipocytes, PKA-mediated phosphorylation of perilipin 1 may promote TAG hydrolysis by two possible mechanisms: 1) conformational changes in phosphorylated perilipin 1 may reveal binding sites on the surfaces of LDs for ATGL, and 2) release of CGI-58 from the perilipin scaffold increases the interaction of the lipase co-activator with ATGL. Finally, phosphorylated perilipin 1 recruits hormone-sensitive lipase to LDs through a direct binding interaction (25) , to promote DAG hydrolysis, driving lipolysis forward.
The mechanism by which perilipin 1 and perilipin 2 reduce the binding of ATGL to LDs could be overcome by the overexpression of CGI-58. Thus, our experiments confirm a critical role of CGI-58 to recruit ATGL to LDs coated with perilipins 1 or 2 (21) . We demonstrated a direct interaction between CGI-58 and ATGL, confirming prior reports (12, 36) . In contrast, CGI-58 is not required for the binding interaction between ATGL and perilipin 5, since these interactions were observed in fibroblasts from humans lacking functional CGI-58.
In summary, our studies suggest that perilipin 5 plays a negative regulatory role in LD hydrolysis by binding and inhibiting ATGL activity at the LD surface under basal conditions. Even when PKA is activated, the release of FA is only modestly increased. Based on our studies, we propose that perilipin 5 plays a critical role in oxidative tissues to protect mitochondria from a rapid influx of FA during lipolysis. Consistent with this mechanism, smooth, cardiac and skeletal muscle increase their LD and perilipin 5 content concomitant with fatty acid uptake during fasting (17) (18) (19) . Further perilipin 5 gain and loss of function studies in mice are warranted to test this hypothesis. (A) 100 mg of WAT and BAT from overnight-fasted mice were incubated for 2 h with adenosine deaminase (1 unit/ml) and PIA ( 100 nM) (basal conditions) or with adenosine deaminase (1 unit/ml) and isoproterenol (10μM) (stimulated conditions) prior to measurement of glycerol content of media samples. (B) Fat cakes containing lipid droplets were isolated by ultracentrifugation from 100 mg of BAT and WAT lysates after incubations as described in (A). Equal amounts of total fat cake protein were loaded: for ATGL and CGI-58, 45 μg total protein (same blot was re-used to identify ATGL and CGI-58); for plin5, 20 μg total protein and for plin 1, 5μg total protein were loaded. Experiments were performed twice. 
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